Objective. Both environmental and genetic factors are important in the development of antiphospholipid antibodies (aPL) in patients with antiphospholipid syndrome (APS). Currently, the only available data on predisposing genetic factors have been obtained from epidemiologic studies, without mechanistic evidence. Therefore, we studied the influence of major histocompatibility complex (MHC) class II alleles on the production of aPL in a mouse model of APS.
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Objective. Both environmental and genetic factors are important in the development of antiphospholipid antibodies (aPL) in patients with antiphospholipid syndrome (APS). Currently, the only available data on predisposing genetic factors have been obtained from epidemiologic studies, without mechanistic evidence. Therefore, we studied the influence of major histocompatibility complex (MHC) class II alleles on the production of aPL in a mouse model of APS.
Methods. Three groups of mice, MHC class IIdeficient (MHCII 2/2 ) mice, MHCII 2/2 mice transgenic for human HLA-DQ6 (DQ6), DQ8, or DR4 alleles, and the corresponding wild-type (WT) mouse strains were immunized; half were immunized with human b 2 -glycoprotein I (b 2 GPI), and the other half were immunized with control ovalbumin (OVA) protein. Thrombus formation in vivo, tissue factor activity in carotid and peritoneal macrophages, and serum levels of tumor necrosis factor (TNF), IgG anticardiolipin (aCL), antibodies, and anti-OVA antibodies were determined.
Results. Immunization with b 2 GPI induced significant production of aCL and anti-b 2 GPI in WT mice compared with control mice immunized with OVA (P < 0.001) but diminished aCL (P < 0.001) and antib 2 GPI (P 5 0.016) production in MHCII 2/2 mice. Antib 2 GPI production was fully restored in DQ6 and DQ8 mice, while levels of anti-b 2 GPI in DR4 mice and aCL in all transgenic lines were only partially restored (P < 0.001 to P < 0.046). Thrombus size in WT mice was twice that in MHCII 2/2 mice (P < 0.001) but similar to that in all transgenic lines. Carotid and peritoneal macrophage tissue factor levels decreased by >50% in MHCII 2/2 mice compared with wild-type B6 mice and were restored in DQ8 mice but not DR4 mice or DQ6 mice. TNF levels decreased 4-fold in MHCII 2/2 mice (P < 0.001) and were not restored in transgenic mice.
Conclusion. Our mechanistic study is the first to show that MHC class II alleles influence not only quantitative aPL production but also the pathogenic capacity of induced aPL.
Antiphospholipid syndrome (APS) is an autoimmune disease of unknown etiology that is characterized by persistent antiphospholipid antibodies (aPL) with associated thrombosis and/or adverse obstetric events (1, 2) . Antiphospholipid antibodies represent a large, heterogeneous group of autoantibodies that target anionic phospholipids such as phosphatidylserine and cardiolipin as well as proteins such as b 2 -glycoprotein I (b 2 GPI) and prothrombin. Beta 2 -GPI has been recognized as one of the main antigenic targets of aPL and has an important pathogenic role in the development of thrombosis in patients with systemic lupus erythematosus (SLE) and those with APS (3, 4) .
Dysregulated activation of platelets, endothelial cells, and monocytes occurs in conjunction with disruption of natural anticoagulant and fibrinolytic systems in response to pathogenic aPL and results in a procoagulant phenotype in patients with APS (5). Endothelial cells activated by pathogenic aPL, particularly antib 2 GPI-b 2 GPI complexes, express significantly greater amounts of adhesion molecules promoting leukocyte adhesion and transformation (6, 7) . This is accompanied by up-regulation of tissue factor and tumor necrosis factor (TNF) gene expression and secretion in both endothelial cells and monocytes, resulting in a proinflammatory vascular environment (8) (9) (10) . This proinflammatory environment is key to the pathophysiology of thrombosis in APS, which is a highly heterogeneous and multifaceted process that is linked to a variety of different genes and acquired factors (5) .
Similar to most autoimmune diseases, APS is believed to occur as a result of a complex interaction between environmental and genetic factors, and current evidence suggests that pathogenic aPL are produced by exposure to certain viral or bacterial products containing sequences similar to those contained in host antigens, thus inducing a break in tolerance (11) . These environmental antigens are believed to be phospholipidbinding proteins with structural similarity to b 2 GPI that induce aPL production through activation of crossreacting T cells (12) . There is also evidence that environmental antigens can interact with b 2 GPI to reveal cryptic epitopes and in so doing activate epitope-specific autoreactive T cells and B cells (13) . Previous studies have demonstrated that active immunization of mice and rabbits with b 2 GPI, or portions of the protein, induces production of pathogenic anticardiolipin antibodies (aCL) and anti-b 2 GPI that are capable of causing intrauterine fetal death, thrombocytopenia, and thrombosis (12, (14) (15) (16) .
Familial and nonfamilial population studies in different ethnic groups of patients with primary or secondary APS have shown multiple associations of HLA-DR and HLA-DQ with the occurrence of APS and the development of aPL. Loci that are relevant in conferring susceptibility to the development of APS and aPL include HLA-DR4, DR7, DR9, DR13, DR53, DQ6, DQ7, and DQ8 major histocompatibility complex (MHC) class II alleles (17) . The most consistently reported HLA associations with APS across several ethnic groups appeared to be with HLA-DR4 and HLADRw53. These haplotypes are thought to be efficient at presentation of antigens relevant to the development of APS. However, these epidemiologic associations have not been proven mechanistically in an experimental model. As such, we studied the in vivo involvement of human HLA-DR4, DQ6, and DQ8 MHC class II alleles in the production of pathogenic aPL. Reagents. Beta 2 -GPI was isolated from pooled normal human sera, as described in detail elsewhere (3) . Briefly, human b 2 GPI was purified using perchloric acid precipitation and affinity chromatography on a heparin-Sepharose column (GE Healthcare), and purified mouse b 2 GPI (R&D Systems) and cardiolipin from bovine heart were purchased from Sigma-Aldrich. All preparations were determined to be free of endotoxin contamination, using a Limulus amebocyte cell lysate assay (E-Toxate; Sigma-Aldrich) (assay sensitivity ,0.06 IU/ml).
MATERIALS AND METHODS

Mice
Immunization scheme and experimental groups. The DQ61 mice (n 5 12), DQ81 mice (n 5 12), DR41 mice (n 5 6), B6 mice (n 5 6), B10 mice (n 5 6), and MHCII 2/2 mice (n 5 6) were injected intraperitoneally at time 0 with either a 1-ml preparation containing 150 mg/ml of human b 2 GPI and 200 mg/ml of adjuvant (AdjuPrime, Immune Modulator; Pierce) or ovalbumin (OVA) (Sigma-Aldrich) and adjuvant, at the same concentrations. In each group of mice, half were immunized with b 2 GPI and the other half with the control protein OVA. Each mouse received 2 subsequent booster injections with the same antigen that was given at the start of the immunization schedule, using the same technique. The second injection was given 8 days after the first injection, and the third injection was given 15 days after the first injection. Animal use and care were performed according to the guidelines established by the UTMB Institutional Animal Care and Use Committee.
Determination of aCL, anti-b 2 GPI, and anti-OVA antibodies. To monitor the production of IgG anti-b 2 GPI and aCL, blood samples were obtained from each mouse weekly over the course of 4 weeks on days 7, 14, 21, and 28 after the first injection was given. The serum level of IgG anti-OVA antibodies was determined on day 28 of the immunization schedule. IgG aCL, anti-b 2 GPI, and anti-OVA antibodies were determined using in-house enzyme-linked immunosorbent assays (ELISAs) according to a standardized protocol, as previously described (14) . Murine b 2 GPI (2 mg/ml) instead of human b 2 GPI was used as the coating antigen in a modified anti-b 2 GPI assay to identify antibodies with specific affinity for murine b 2 GPI. To examine the cofactor dependency of induced aCL, we carried out the aCL assay in the presence of increasing concentrations of purified human b 2 GPI to a maximum of 10 mg/ml in the reaction well, and the results were compared with those obtained in the absence of b 2 GPI, as previously described (20) . To avoid the influence of b 2 GPI external to the assay system, both blocking and assay buffers were serum free (2% bovine serum albumin [BSA]/phosphate buffered saline [PBS] ). In addition, the serum samples to be tested were obtained on day 28 from 3 mice in each WT group (i.e., high-titer antibody levels) and diluted 1:200 with assay diluent.
Inhibition studies. The inhibition studies were performed as previously described (14) . A 1:100 dilution of mouse sera obtained on day 28 (in 2% BSA/PBS) was preincubated overnight with PBS solutions containing purified human b 2 GPI or cardiolipin vesicles of increasing concentrations, up to maximums of 3.4 mg/ml and 2.0 mg/ml, respectively. The sera were then tested for aCL or anti-b 2 GPI activity by ELISA, as described above. Each serum sample was preincubated with only PBS solution to serve as a baseline control, with the results expressed as the percent inhibition compared with baseline.
Assessment of the thrombogenicity of aPL. The thrombogenicity of induced aPL in the mice was assessed using a mouse model of induced thrombosis. Thrombus dynamics were assessed on day 28 after the first immunization, as described previously (16) . Briefly, the mice were anesthetized, the right femoral vein was exposed for observation, and an ;0.5-mm segment was transilluminated using a microscope equipped with a closed circuit video system. The isolated vein was pinched to introduce a standardized injury, and thrombus formation and dissolution were then visualized and recorded. Three thrombi per animal were each measured 5 times, and the mean values were calculated.
Determination of cytokines in serum, peritoneal macrophages, and carotid homogenates. Measurements of TNF in serum from the mice were assessed on day 28, using a commercial ELISA (R&D Systems) performed according to the manufacturer's instructions. On day 28, tissue factor activity in peritoneal macrophages and carotid homogenates was determined using a commercial chromogenic assay (Actichrome Tissue Factor; American Diagnostica) that measures the conversion of factor X into factor Xa after activation by the tissue factor-factor VII complex, as described previously (21) . Briefly, peritoneal macrophages were generated by flushing the peritoneal cavity, followed by centrifugation, resuspension, and sonication of the cell pellet in a Tris-saline buffer to obtain lysates, which were stored at 2708C. Pieces (;5 mm) of uninjured carotid were dissected from both sides in each animal, homogenized, and stored at 2708C. The tissue factor activity in peritoneal macrophage lysates and carotid homogenates for each mouse group treated with b 2 GPI was expressed as the fold increase above levels in the corresponding OVA-treated control group.
Statistical analysis. Data are presented as the mean 6 SD, as appropriate. One-way analysis of variance followed by Tukey's multicomparison test was used to compare differences between groups. The association between variables was evaluated using Pearson's correlation test and a multivariate linear regression model of best fit. P values less than 0.05 were considered significant.
RESULTS
Induction of aPL in b 2 GPI-immunized WT mice. Compared with control mice treated with OVA, b 2 GPI-immunized B6 (mean 6 SD 1.42 6 0.40 versus 0.31 6 0.04 optical density [OD]; P , 0.001) and B10 mice produced significantly higher anti-b 2 GPI levels by week 1, and levels remained significantly elevated over the entire 4-week period (P , 0.001). The maximum antib 2 GPI level was attained by week 2 in B10 mice (mean 6 SD 2.75 6 0.16 OD) and by week 3 in B6 mice (mean 6 SD 2.90 6 0.27 OD) ( Figure 1A ). Anticardiolipin antibody levels in b 2 GPI-immunized B6 and B10 mice were also significantly elevated compared with those in the corresponding OVA-immunized mice (mean 6 SD 2.25 6 0.35 OD versus 0.17 6 0.02 and 1.14 6 0.39 versus 0.02 6 0.01 OD, respectively; P , 0.001/ for both) but not until week 2. Anticardiolipin antibody levels remained significantly elevated in these mice over the remainder of the 4-week period (P , 0.001) ( Figure 1B) .
Binding characteristics of induced aPL in mice immunized with b 2 GPI. In order to evaluate the binding characteristics of induced aPL in mice treated with b 2 GPI, the affinity of induced aPL for mouse versus human b 2 GPI as well as the cofactor dependency of induced aCL were determined. In both B6 and B10 mice, although the levels of aPL against human b 2 GPI (ab 2 -H) were increased by week 1 (mean 6 SD 1.10 6 0.24 OD in B6 mice [P , 0.001] and 1.03 6 0.35 OD in B10 mice [P , 0.001]), aPL against mouse b 2 GPI (ab 2 -M) did not attain significantly elevated levels until week 2 (mean 6 SD 1.61 6 0.32 OD in B6 mice [P 5 0.009] and 1.26 6 0.49 OD in B10 mice [P 5 0.04]). Interestingly, although the increase in ab 2 -H stabilized during the last 2 weeks, ab 2 -M values increased consistently throughout the 4-week period (Figure 2A ). In our aCL cofactor dependency assay, the cardiolipin binding activity of mouse sera was elevated in a dose-dependent manner with sequentially higher levels of b 2 GPI. The maximum increase in OD varied from 27% to 100% with the addition of b 2 GPI, indicating that the induced aCL are cofactor dependent ( Figure 2B ). The results of cross-inhibition studies using cardiolipin vesicles and b 2 GPI demonstrated the presence of at least 2 separate, non-cross-reacting populations of antibodies (i.e., aCL-specific and anti-b 2 GPI-specific) ( Figures  2C and D) .
Necessity of MHC class II alleles for complete production of aPL. Maximum anti-b 2 GPI levels in b 2 GPI-immunized MHCII 2/2 mice were approximately half those in the corresponding WT B6 mice (mean 6 SD 1.29 6 0.50 versus 2.90 6 0.27 OD; P 5 0.016). Surprisingly, maximum anti-b 2 GPI levels in MHCII 2/2 mice immunized with b 2 GPI were significantly higher than those in control mice immunized with OVA (mean 6 SD 1.29 6 0.50 versus 0.30 6 0.02 OD; P , 0.001). In MHCII 2/2 mice, however, a longer period of time was required to attain anti-b 2 GPI levels significantly greater than those in OVA-treated controls (21 days in MHCII 2/2 mice and 7 days in B6 mice) (Figure 3A) .
In contrast, the b 2 GPI-immunized MHCII 2/2 mice failed to produce significant amounts of aCL, with maximum levels in B6 mice being more than 10 times higher than those in MHCII 2/2 mice (mean 6 SD 2.25 6 0.35 versus 0.17 6 0.06 OD; P , 0.001). There was no significant difference between the aCL levels in b 2 GPI-immunized MHCII 2/2 mice compared with those in OVA-immunized mice (P 5 0.563) ( Figure 3B ).
Variable restoration of aPL induction by DR4, DQ6, and DQ8 MHC class II alleles. Maximum antib 2 GPI levels in transgenic DR41 mice (mean 6 SD 2.24 6 0.22 OD; P , 0.001), transgenic DQ61 mice (2.49 6 0.20 OD; P , 0.001), and transgenic DQ81 mice (2.47 6 0.46 OD; P , 0.001) immunized with b 2 GPI were significantly higher than those in b 2 GPI-immunized MHCII 2/2 mice (mean 6 SD 1.29 6 0.50 OD). Significantly elevated anti-b 2 GPI levels were achieved in DR41, DQ61, and DQ81 mice by day 14, compared with day 21 in b 2 GPI-immunized MHCII 2/2 mice. Interestingly, anti-b 2 GPI production in DQ61 mice (P 5 0.550) and DQ81 mice (P 5 0.392) was restored to levels comparable with those in WT B10 mice (mean 6 SD 2.75 6 0.16 OD), but the levels in DR41 mice were only partially restored (P 5 0.022) ( Figure 3C ). The time line of antib 2 GPI production also varied among b 2 GPI-immunized DR41, DQ61, and DQ81 mice. In all transgenic lines, there was no anti-b 2 GPI induction during week 1, but by day 14 there was significant anti-b 2 GPI production, with levels in DQ81 mice being approximately half those in DR41 and DQ61 mice (P , 0.001). By day 21, maximum levels were attained in DR41 and DQ61 mice, with waning until day 28, while maximum levels were attained in DQ81 mice on day 28 ( Figure 3C ). Similarly, there was partial restoration of maximum aCL production in b 2 GPI-immunized DR41 mice (mean 6 SD 1.10 6 0.26 OD; P , 0.001), DQ61 mice (2.02 6 0.49 OD; P 5 0.046), and DQ81 mice (1.42 6 0.14 OD; P , 0.001) compared with WT mice (2.51 6 0.10 OD). Significant aCL production was seen by day 14 in both DQ61 and DQ81 mice, while this did 
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PAPALARDO ET AL not occur until day 28 in DR41 mice. Interestingly, aCL production in DQ61 and DQ81 mice waned between week 3 and week 4 ( Figure 3D ). Effect of MHC class II knockout and transgenic human DR4, DQ6, and DQ8 on anti-OVA production. Immunization of WT mice with OVA induced anti-OVA antibody production similar to that of aPL induction following b 2 GPI immunization. On day 28, anti-OVA antibody levels in B6 mice and B10 mice immunized with OVA (mean 6 SD 0.94 6 0.28 and 1.05 6 0.19 OD, respectively) were significantly higher (P , 0.001) than levels in the corresponding mice immunized with b 2 GPI (mean 6 SD 0.35 6 0.17 and 0.23 6 0.08 OD, respectively). MHCII 2/2 mice immunized with OVA failed to produce significant amounts of anti-OVA antibodies compared with B6 mice immunized with OVA (mean 6 SD 0.13 6 0.02 versus 0.94 6 0.28 OD; P , 0.001). There was no significant difference in anti-OVA antibody levels in OVAimmunized MHCII 2/2 mice compared with control b 2 GPI-immunized B6 mice (P 5 0.717). Interestingly, although there was complete restoration of anti-OVA in OVA-immunized DQ81 mice compared with WT mice (mean 6 SD 1.09 6 0.42 versus 1.05 6 0.19 OD; P 5 1.000), there was no production in OVA-immunized DQ61 mice (mean 6 SD 0.28 6 0.14 OD; P , 0.001) and DR41 mice (0.29 6 0.14 OD; P , 0.001) ( Table 1) .
Thrombotic properties of induced aPL. Proinflammatory properties of induced aPL. Tissue factor levels in the carotid of MHCII 2/2 mice treated with b 2 GPI (1.7-fold increase compared with OVA-treated controls) were significantly lower than those in the corresponding WT B6 mice (3.7-fold; P 5 0.024). Although carotid tissue factor activity in DQ81 mice treated with b 2 GPI was restored to the levels in WT B10 mice (3.1-fold versus 4.6-fold increase above the level in control mice; P 5 0.171), those in DR41 mice (1.6-fold; P 5 0.024) and DQ61 mice (1.6- Thrombus size in all groups of immunized mice. In wild-type (WT) mice immunized with b 2 -glycoprotein I (b 2 GPI; B2), thrombi were significantly larger than those in the corresponding major histocompatibility complex (MHC) class II-knockout mice. In transgenic DR4, DQ6, and DQ8 mice immunized with b 2 GPI, thrombi were similar in size to those in the corresponding WT mice. Values are the mean 6 SD. ** 5 P , 0.001 versus corresponding ovalbumin (OVA)-immunized control mice; ¶ 5 P , 0.001 versus b 2 GPI-immunized B6 mice.
fold; P 5 0.026) were significantly lower ( Figure 5A) . A similar pattern was observed for tissue factor levels in MHCII 2/2 mice. Peritoneal macrophage tissue factor activity in B6, MHCII
2/2
, B10, DQ81, DQ61, and DR41 mice immunized with b 2 GPI was increased over that in OVA-immunized controls by 3.4-, 1.4-, 2.5-, 3.9-, 1.7-, and 1.2-fold, respectively ( Figure 5B ).
TNF levels in MHCII 2/2 mice treated with b 2 GPI (mean 6 SD 32.7 6 4.8 pg/ml) were 4 times lower than the levels in corresponding WT B6 mice (127.3 6 7.4 pg/ml; P , 0.001). TNF production was not restored in transgenic DR41 mice (34.0 6 6.4 pg/ml; P , 0.001), transgenic DQ61 mice (58.9 6 22.2 pg/ml; P 5 0.004), or transgenic DQ81 mice (59.7 6 19.2 pg/ ml; P 5 0.006) compared with levels in WT B10 mice (118.6 6 15.1 pg/ml) ( Figure 5C ).
DISCUSSION
Several epidemiologic studies have highlighted associations of HLA-DR and HLA-DQ with the occurrence of aPL, but to our knowledge, this is the first mechanistic study to evaluate these associations in vivo. The development of aPL in our WT mice indicates the normal pattern for a T cell-dependent primary immune response of conventional B2 cells to an antigen. Indeed, there is reported evidence suggesting a role of Th1 CD41 T cells in the production of aCL and anti-b 2 GPI in patients with APS (22, 23) . We have shown that immunization of mice with human b 2 GPI first leads to the production of antibodies reactive with human b 2 GPI followed by the appearance of autoantibodies reactive with mouse (self) b 2 GPI; this sequence of events was noted in previous experiments (24) .
This break in tolerance to mouse b 2 GPI is likely attributable to the high structural homology between human and mouse b 2 GPI (25) . Furthermore, the development of aCL in response to b 2 GPI immunization occurred in a manner suggestive of epitope spreading, a mechanism that is important in the progression of autoimmune responses (26) . Several epitopes on b 2 GPI have been identified as being cross-reactive with aCL (27, 28) , and protein-lipid complexes containing b 2 GPI and cardiolipin occur with enough frequency (29) that epitope spreading with increased reactivity to cardiolipin is very likely. The absence of aCL activity in immunized MHCII 2/2 mice strongly suggests that the increase in aCL titers in this animal model is likely a result of epitope spreading in a T cell-dependent manner requiring antigen presentation.
Quite surprisingly, our expectation that all autoantibody production would be completely abolished in the MHCII 2/2 mice was overturned by the development of anti-b 2 GPI in these mice, albeit at significantly lower titers and on a delayed time line. We surmise that Figure 5 . Carotid tissue factor (TF) levels (A), peritoneal macrophage tissue factor levels (B), and tumor necrosis factor (TNF) levels (C) in immunized mice. Both carotid and peritoneal macrophage tissue factor levels decreased significantly in MHCII 2/2 mice compared with WT mice. Although tissue factor activity in transgenic DQ8 mice was restored, tissue factor levels in DR4 and DQ6 mice remained low. While TNF levels decreased in MHCII 2/2 mice compared with WT mice, there was no restoration of TNF activity in the transgenic mice. Values in A and B are the fold increase above levels in the corresponding OVA-immunized mice on day 28. Values in C are the levels in OVA-immunized mice and b 2 GPI-immunized mice. * 5 P , 0.05; ** 5 P , 0.001 versus levels in WT B6 or B10 mice. See Figure 4 for other definitions.
although the major pathway for the production of autoreactive aPL requires T cell-dependent B cell activation, which in turn is dependent on MHC class II presentation of antigenic peptides from b 2 GPI or structural homologs to autoreactive T cells, aPL production can seemingly occur through T cell-independent mechanisms as well. The activation of B1 cells rather than direct stimulation of B2 cells is more likely to occur in this regard, and there is some evidence that B1 cells may contribute to the development of systemic autoimmune diseases such as SLE (30) .
It is important to note, however, that the exact role of B1 cells in autoimmunity has not been clearly defined, and there are conflicting data regarding their importance (31) . An interesting feature of the typical autoimmune response observed with B1 cells is that autoantibodies produced in this manner do not tend to facilitate epitope spreading (30, 31) . The delayed induction of aCL and its dependency on anti-b 2 GPI coupled with the non-cross-reactivity of the antibody populations may also point to development of aCL by epitope spreading. Further research is necessary to make a definitive determination of the potential role of B1 cells and epitope spreading in the development of APS.
As outlined previously, both familial and nonfamilial population studies in APS indicate a definite genetic component in the development of disease. Key alleles associated with aCL include DRB1*04 (DR4), DQB1*0302 (DQ8), DRB1*07 (DR7), DRB1*09 (DR9), DRw53, and DQw3 (32) (33) (34) , and those associated with lupus anticoagulant include DR4, DR7, and DQB1*0301 (DQ7) (35) (36) (37) . Anti-b 2 GPI production has been linked to DQ8, DR4, DRB1*0604/05 (DQ6), and DRB1*1302 (DR13) (33, 34, 38, 39) , while APS disease manifestations have been linked to DR4, DRw53, DQw7, DR7, DQ6, and DQ8 (38, (40) (41) (42) . Given these associations, it is not surprising that the introduction of human DR4 (DRB1*0401), DQ6 (DQA1*0103/ DQB1*0601), and DQ8 (DQA1*0301/DQB1*0302) molecules in MHCII 2/2 mice restored production of anti-b 2 GPI and aCL in the APS model, albeit with varying effect. The variation in titer and the time line of autoantibody development in these transgenic mice is likely an indication of the relative efficiency of these alleles in presenting b 2 GPI-like epitopes relevant to the production of autoimmune aPL. Interestingly, induction of anti-OVA antibodies was abolished in MHCII 2/2 mice and restored in transgenic DQ8 mice but not in DR4 or DQ6 mice, highlighting the notion that these MHC class II alleles do vary in their ability to bind and present antigens. Despite such variation, however, all 3 are seemingly able to bind and present antigenic epitopes relevant to the induction of an autoimmune aPL response.
Perhaps one of the most interesting findings in the current study is variation in the pathogenicity of induced aPL in the different mouse groups. The titer of induced anti-b 2 GPI was the most important predictor of thrombus size; this explains the observation that the MHCII 2/2 mice, which had lower levels of anti-b 2 GPI, had significantly smaller thrombi compared with WT mice. Accordingly, the thrombus size in transgenic mice was similar to that in WT type mice, due to the restoration of anti-b 2 GPI production. However, although the tissue factor activity in MHCII-knockout mice was diminished, as expected, this activity was restored only in transgenic DQ8 mice and not in transgenic DQ6 or DR4 mice. Furthermore, TNF levels were not restored in any of the transgenic mice (DR4, DQ6, and DQ8).
Tissue factor plays a major role in the progression of both thrombotic and obstetric disorders in patients with APS (8) , and although the contribution of TNF to APS pathogenesis is less certain, there is some evidence that it has a role in obstetric APS (43) . Therefore, one would expect that restoration of aPL production in transgenic mice would result in the restoration of both tissue factor and TNF activity. It is noteworthy that the absence of tissue factor in particular did not unduly affect the ability of aPL to induce thrombosis, suggesting the importance of other cytokine pathways in this regard. Therefore, induced aPL likely vary in their pathogenic capacity as it relates to the induction of cytokine production, and this capacity may be traced to the epitopes against which these aPL are reactive. Supportive evidence for this theory is provided by several studies that highlight the ability of aPL to activate distinct intracellular signaling pathways, the corollary of which is the development of different clinical manifestations of APS (5, 44) .
We are aware that our model of aPL induction using heterologous b 2 GPI does not provide a complete approximation of the spontaneous development of APS, which is true of all animal models of APS developed to date. However, we submit that the development of mouse self-reactive anti-b 2 GPI with the ability to induce thrombosis and cytokine production indicates that this model at the very least provides insight into the role of these MHC class II alleles in the break in tolerance necessary for the development of pathogenic autoreactive anti-b 2 GPI. Transgenic animals with MHC class II alleles that are not associated with APS were not available to us; therefore, we were unable to compare their ability to produce aPL in response to b 2 GPI immunization.
A priority for future studies is development of transgenic mice with nonsusceptible MHC CLASS II alleles, to confirm that these alleles are less permissive of a break in tolerance to b 2 GPI. Because our knockout and transgenic mice were compared with WT mice from different sources and were not littermates, it is difficult to state with absolute certainty that the MHC CLASS II differences were solely responsible for the observed effects on antibody production and pathogenicity. However, previous studies have shown that in B6.129-H2dl AB-EaAbl (MHCII 2/2 ) mice, all immune parameters not directly connected to the MHC CLASS II genes appeared normal, including T cell differentiation to the CD8 lineage, B cell differentiation, peripheral B cell populations, and immunoglobulin levels (18) . Similarly, the introduction of human MHC class II alleles into the MHCII 2/2 mice led to the selection and restoration of a peripheral CD41 T cell compartment, which was directly related to the generation of mouse collagenreactive autoantibodies in a model of human polyarthritis when compared with transgene-negative littermates (18, 19) .
Despite these limitations, our study does provide some tantalizing insights into the process of autoimmune aPL induction in APS. As we expected, a lack of MHC class II alleles resulted in diminished aPL production; however, aPL production was not completely abolished. This indicates that both T cell-dependent and T cell-independent mechanisms are likely to play a role in aPL production, but further research into these possible mechanisms is necessary. We also conclude that both the titer and pathogenic ability of aPL produced during the progression of APS appear to be dependent on the expression of relevant MHC class II alleles. Therefore, our findings provide direct mechanistic evidence that APS susceptibility may be linked to the efficiency with which MHC class II alleles present antigens with structural similarity to the main antigen in APS, i.e., b 2 GPI, as indicated previously in epidemiologic studies. Given that MHC class II is one of the most polymorphic gene groups, additional studies are needed to more fully elucidate the relative efficiency of these alleles in presenting specific b 2 GPI epitopes and the pathogenic effects of aPL that are produced as a result.
